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qRT-PCRHigh-throughput tag-sequencing (Tag-seq) analysis based on the Solexa Genome Analyzer platform was ap-
plied to analyze the gene expression proﬁling of cucumber plant at 5 time points over a 24 h period of water-
logging treatment. Approximately 5.8 million total clean sequence tags per library were obtained with
143013 distinct clean tag sequences. Approximately 23.69%–29.61% of the distinct clean tags were mapped
unambiguously to the unigene database, and 53.78%–60.66% of the distinct clean tags were mapped to the
cucumber genome database. Analysis of the differentially expressed genes revealed that most of the genes
were down-regulated in the waterlogging stages, and the differentially expressed genes mainly linked to car-
bon metabolism, photosynthesis, reactive oxygen species generation/scavenging, and hormone synthesis/
signaling. Finally, quantitative real-time polymerase chain reaction using nine genes independently veriﬁed
the tag-mapped results. This present study reveals the comprehensive mechanisms of waterlogging-
responsive transcription in cucumber.
© 2011 Elsevier Inc. All rights reserved.1. Introduction
Cucumber (Cucumis sativus L.), an agriculturally and economically
important crop worldwide, is easily affected by heavy rain and subse-
quent periods of soil ﬂooding in summer, especially in South China.
Under waterlogging or submergence, plants are exposed to a reduc-
tion in oxygen (O2) supply because of the slow diffusion rate of O2
in water and its limited solubility [1]. During prolonged periods of
soil ﬂooding, a decrease in root hydraulic conductance causes impair-
ment in water uptake. One of the early responses to prevent water
loss appears to involve closing of the stomata with subsequent
down-regulation of the photosynthetic machinery, which eventually
leads to leaf wilting and chlorosis [2].
Waterlogging is a compound stress of interacting changes inside
plant cells induced by ﬂoodwater surrounding the plant [3], and re-
sults in a decreased level of O2 in the plant root zone caused by the
low diffusion rate of molecular O2 in water. One of the major cellular
pathways dependent on O2 is mitochondrial respiration. To maintain
energy generation under conditions of decreased O2 availability,
plants switch from respiratory to fermentative metabolism. Fermen-
tation allows regeneration of NAD+in the absence of respiration,
thereby maintaining glycolysis and ATP generation under anaerobichylene responsive factor; POD,
ETR, ethylene receptor; RBOH,
rights reserved.conditions. The signiﬁcantly lower energy yield of alcoholic fermenta-
tion, compared with mitochondrial respiration, causes an energy cri-
sis in anaerobic tissues [4]. Responses to low O2 levels (hypoxia) have
been studied in Arabidopsis thaliana and rice, as well as in a number of
crop species [5–8]. Low O2 levels cause rapid changes in gene tran-
scription, protein synthesis and degradation, and cellular metabolism
[4]. Global gene expression studies in Arabidopsis, rice, poplar, and
cotton have revealed complex responses to low O2 involving signiﬁ-
cant changes in approximately 5%–10% of all the genes assayed
[5–8]. The hypoxia-induced genes identiﬁed include those encoding
anaerobic polypeptides (ANP) proteins, most of which are enzymes
involved in sugar metabolism, glycolysis, and fermentation pathways
[9]. In addition to those encoding ANPs, additional hypoxia-induced
genes that were identiﬁed include transcription factors [10] and sig-
nal transduction components [11], as well as those involved in ethyl-
ene biosynthesis [6,12], nitrogen metabolism [6], sulfur metabolism
[13], reactive oxygen species (ROS) generation⁄scavenging [12,14],
and cell wall loosening [15].
Waterlogging stress should be seen as a compound stress com-
posed of several underlying changes in substances such as ethylene,
CO2, O2, ROS, and phytotoxins within the plants and from external
sources [3]. Although studies on model plant responses to low O2
have provided crucial insights, they were often performed under
highly artiﬁcial conditions (e.g., entire plants were placed in low O2
atmospheres, sometimes supplemented with sugars, and sometimes
in the dark), which do not completely simulate the effects seen in
soil under ﬁeld conditions. Previous transcriptome proﬁling studies
based on microarray data have some limitations as well because
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levels, they cannot be reliably detected. Deep-sequencing technology
has recently become a powerful tool that allows the concomitant se-
quencing of millions of signatures to the genome and identiﬁcation of
speciﬁc genes and the abundance of gene expression in a sample tis-
sue [16]. This method provides a more qualitative and quantitative
description of gene expression than previous microarray-based as-
says [17].
The aim of this study was to gain insight into the molecular mech-
anisms of cucumber's responses to waterlogging, using one
waterlogging-tolerant cucumber line (‘Zaoer N’). In this work, a
genome-wide analysis of gene expression proﬁling at 5 time points
during a 24 h waterlogging treatment was performed on cucumber
plants using massively parallel deep-sequencing by Solexa Illumina.
Our results yielded sets of up-regulated and down-regulated genes
in response to waterlogging stress, and some candidate genes related
to waterlogging tolerance in cucumber were discussed.Fig. 1. Distribution of total clean tag (ﬁlled) and distinct clean tag (open) copy numbers
from the ﬁve libraries.2. Results
2.1. Analysis of digital gene expression (DGE) libraries
To investigate the transcriptome response to waterlogging stress
in cucumber plant, the Solexa Genome Analyzer was used to perform
high throughput Tag-seq analysis on cucumber root libraries that
were constructed at 5 time points before and during the 24 h period
of waterlogging treatment. The samples which were collected at 0,
2, 4, 8, and 24 h after waterlogging treatments were named libraries
R1, R2, R3, R4, and R5, respectively. The major characteristics of
these ﬁve libraries are summarized in Table 1. Approximately 6 mil-
lion total sequence tags per library were obtained with 354147 dis-
tinct tag sequences. Prior to mapping these tag sequences to the
reference sequences, adaptor tags were ﬁltered (low quality tags
and tags with one copy), producing approximately 5.8 million total
clean sequence tags per library with 143013 distinct clean tag se-
quences. The distribution of the total and distinct clean tag copy num-
bers show highly similar tendencies in the ﬁve libraries (Fig. 1).
Among the distinct clean tags, 6% had copy numbers higher than
100 counts, 32% of the distinct clean tags present had between 5Table 1
Categorization and abundance of tags. Clean tags are tags that remained after ﬁltering ou
Unambiguous tags are clean tags remaining after the removal of tags mapped to reference
Summary R1
Raw data Total 5752222
Distinct tags 333045
Clean tags Total number 5556666
Distinct tag numbers 139540
All tag mapping to gene Total number 3507712
Total % of clean tags 63.13
Distinct tag numbers 43565
Distinct Tag % of clean tags 31.22
Unambiguous Tag mapping to gene Total number 2933250
Total % of clean tags 52.79
Distinct tag numbers 39422
Distinct Tag % of clean tags 28.25
All tag-mapped genes Number 19210
% of ref genes 25.21
Unambiguous tag-mapped genes Number 16890
% of ref genes 22.17
Mapping to genome Total number 1663152
Total % of clean tags 29.93
Distinct tag numbers 75337
Distinct tag % of clean tags 53.99
Unknown tags Total number 385802
Total % of clean tags 6.94
Distinct tag numbers 20638
Distinct tag % of clean tags 14.79and 50 copies, and more than 60% of the distinct clean tags had 2–5
copies. The R4 library had the highest number of both distinct tags
and distinct clean tags; the other four libraries had similar counts.
Moreover, the R4 library showed the highest ratio of number of dis-
tinct clean tags to total clean tags, and the lowest percentage of dis-
tinct high copy number tags (Fig. S1). These data suggested that
more genes were detected in the R4 library than in the other four li-
braries, and more transcripts were expressed at lower levels in the
R4 library.
2.2. Analysis of tag mapping
A reference gene database that included 76096 sequences of the C.
sativus unigene was preprocessed for tag mapping. Among the se-
quences, the genes with a CATG site accounted for 45.43%. To obtain
the reference tags, all the CATG+17 tags in the gene were taken as
gene reference tags. Finally, 60349 total reference tag sequences
with 57383 unambiguous reference tags were obtained. Based ont dirty tags (low quality tags) from raw data. Distinct tags are different kinds of tags.
sequences from multiple genes.
R2 R3 R4 R5
5996381 5926706 6220260 6216567
346322 355635 386490 349246
5785566 5704403 5987927 6003702
139757 137670 158301 139798
3482645 3522744 3382396 3167340
% 60.20% 61.75% 56.49% 52.76%
44612 45372 41221 39632
% 31.92% 32.96% 26.04% 28.35%
2897217 2921291 2890700 2688894
% 50.08% 51.21% 48.28% 44.79%
40300 40762 37498 35984
% 28.84% 29.61% 23.69% 25.74%
19209 18978 18553 18032
% 25.21% 24.91% 24.35% 23.67%
16911 16696 16306 15758
% 22.19% 21.91% 21.40% 20.68%
1823136 1777068 2237772 2423404
% 31.51% 31.15% 37.37% 40.37%
75158 74473 96021 80291
% 53.78% 54.10% 60.66% 57.43%
479785 404591 367759 412958
% 8.29% 7.09% 6.14% 6.88%
19987 17825 21059 19875
% 14.30% 12.95% 13.30% 14.22%
162 X.-H. Qi et al. / Genomics 99 (2012) 160–168the criteria, 23.69%–29.61% of the distinct clean tags were mapped
unambiguously to the unigene database, 53.78%–60.66% of the dis-
tinct clean tags were mapped to the cucumber genome database,
and 12.95%–14.79% of the distinct clean tags did not map to the uni-
gene virtual tag database (Table 1).
To estimate whether or not the sequencing depth was sufﬁcient
for the transcriptome coverage, the sequencing saturation was ana-
lyzed in the ﬁve libraries. The genes that were mapped by all clean
tags and unambiguous clean tags increased with the total number
of tags. However, when the sequencing counts reached 2 million
tags or higher, the number of detected genes was saturated (Fig.
S2). Given that Solexa sequencing can distinguish transcripts origi-
nating from both DNA strands, using the strand-speciﬁc nature of
the sequencing tags obtained, we found evidence of bidirectional
transcription in 7073 to 7907 of all detectable unigenes, and 3451
to 3688 antisense strand-speciﬁc transcripts (Table S1). In compari-
son, the ratio of sense to antisense strand of the transcripts wasTable 2
Selected genes with altered expression in roots of waterlogged cucumber plants.
Functional
group
Cucumber unigene
accession
Gene annotationa
Photosynthesis
CU10576 Photosystem II subunit S (PsbS)
Contig885 Photosystem I psaG/psaK
CU9779 Ferredoxin
TCA cycle
CU13500 Phosphoenolpyruvate carboxykinase
CU6042 Isocitrate dehydrogenase
CU10529 Succinyl-CoA ligase subunit alpha-2
CU7303 Pyruvate dehydrogenase E1 alpha subun
Glycolysis
CU11911 Hexokinase 2
CU24433 Phosphofructokinase
CU27835 Fructose-1,6-bisphosphate aldolase
CU9751 Glyceraldehyde-3-phosphate dehydrogen
CU14197 Phosphoglycerate kinase
CU4080 Pyruvate kinase
CU4073 Alcohol dehydrogenases
CU29145 Alcohol dehydrogenase
Pentose phosphate pathway
CU27835 Fructose-1,6-bisphosphate aldolase
HuangGua-Contig113 Fructose-bisphosphate aldolase
HuangGua_2_014_17 Phosphogluconate dehydrogenase
Sucrose and starch metabolism
CU69760 Hexokinase 2
CU4126 Sucrose synthase (SUS5)
CU6267 alpha-1,4-glucan phosphorylase L isozym
HuangGua_1_017_77 Glycosyl hydrolase
Hormone/signaling
CU4787 CS-ETR2
CU24956 Myb
CU7162 ACC oxidase 2
CU11418 Auxin response factor 3
CU8095 Ethylene-responsive transcription factor
CU19620 WRKY transcription factor 30
CU13592 Auxin response factor 2
HuangGua_1_026_72 Ein3-binding f-box protein 3
CU18697 ERF transcription factor
Reactive oxygen species (ROS) generation/scavenging
CU26027 Peroxidase
CU10997 Catalase isozyme 2
HuangGua-Contig135 Chloroplast Cu/Zn superoxide dismutase
HuangGua-Contig33 Cytosolic ascorbate peroxidase
HuangGua_1_028_30 Respiratory burst oxidase-like protein
HuangGua-Contig852 Glutathione S-transferase
HuangGua-Contig134 Type-2 metallothionein
a Putative function from GenBank BLASTX search (http://blast.ncbi.nlm.nih.gov).approximately 1.17:1 for all the libraries. This suggests that antisense
genes also play important roles in the transcriptional regulation of
waterlogging response in cucumber plant.2.3. Waterlogging caused changes in global gene expression in root
The cucumber plants were waterlogged for 2, 4, 8, and 24 h, and
the global gene expression was assayed at each time point sample
using the 0 h time point as a common reference. The time-course de-
sign was made based on the preliminary quantitative RT-PCR (qRT-
PCR) results which showed large increases in gene expression from
2 h to 24 h for glyceraldehyde-3-phosphate dehydrogenase
(gapdh3), alcohol dehydrogenases (adh), and pyruvate kinase (pdc).
These genes (gapdh, adh, and pdc) exhibited expression patterns in
these preliminary assays that were essentially the same as those in
later assays of these same genes presented in Table 2. To obtain theTPM (transcript per million clean tag)
0 h 2 h 4 h 8 h 24 h
8.82 1.38 2.45 0.67 3.33
18.36 3.28 1.75 2.17 2.5
34.19 7.61 8.94 0.01 3
12.96 7.26 10.52 10.69 69.12
15.84 30.77 7.36 7.52 3.33
80.26 76.22 82.74 27.22 23.15
it 10.62 9.68 10.34 3.01 4.33
6.66 28.17 16.65 30.56 48.8
11.34 62.57 67.32 181.2 48.97
0.54 12.79 7.36 21.04 12.66
ase 737.67 2200.13 3527.63 7731.06 9252.62
2.88 10.02 15.08 9.85 3.33
34.19 471.69 528.71 356.38 457.22
5.76 450.43 471.74 409.49 405.08
14.76 9.68 10.52 1.17 1.17
0.54 12.79 7.36 21.04 12.66
676.66 1005.78 1029.91 229.29 298.65
5.58 14.35 24.89 8.02 5.33
0.36 1.9 1.93 6.68 5.66
29.51 30.59 32.61 6.85 5
e 5.58 9.51 7.19 0.84 0.67
36.89 46.84 65.74 20.37 14.82
33.29 147.09 173.73 521.05 162.07
4.14 11.41 12.27 10.02 23.15
216.32 395.81 298.37 254.18 500.36
17.28 18.32 27.7 3.34 30.15
29.69 42.69 20.86 58.95 28.65
61.73 66.37 56.1 152.14 52.3
54.71 66.72 70.3 21.71 63.79
36.53 19.01 11.22 20.88 8.83
39.59 6.22 2.28 1.84 3.33
49.31 143.81 174.43 26.55 29.48
12.24 6.4 5.96 1.17 0.5
73.61 65.85 91.51 24.72 7.83
668.21 560.36 561.32 394.79 69.96
77.2 292.11 316.95 348.03 229.86
36.53 10.89 11.22 44.09 4
1045.41 923.85 1219.06 521.88 193.88
Table 3
Differentially expressed genes across all libraries. All the genes mapped to the reference sequence and genome sequence were examined for their expression differences across the
different libraries. Numbers of differentially expressed genes represent across sense transcripts, using threshold values FDR≤0.001 and |log2Ratio|≥1 for controlling false discovery
rates. R1, R2, R3, R4, and R5 represent the samples which were collected at 0, 2, 4, 8, and 24 h after waterlogging treatments, respectively.
R1 vs. R2 R1 vs. R3 R1 vs. R4 R1 vs. R5 R2 vs. R3 R2 vs. R4 R2 vs. R5 R3 vs. R4 R3 vs. R5 R4 vs. R5
Total 1180 1627 3160 3264 258 2604 2525 2696 2547 1243
Up-regulated 551 727 1044 1111 57 730 684 820 763 585
Down-regulated 629 900 2116 2153 201 1874 1841 1876 1784 658
163X.-H. Qi et al. / Genomics 99 (2012) 160–168transcriptional changes in waterlogged cucumber root, the rigorous
algorithm method was applied to identify differentially expressed
genes from the normalized DGE data by pairwise comparisons across
all differential time points during the waterlogging stress treatment.
The results showed that 5787 genes had P-valuesb0.05, false discov-
ery rates (FDR)b0.01, and estimated absolute |log2Ratio|≥1 in at least
one of the pairwise comparisons, which were declared to be differen-
tially expressed during the waterlogging course (Table S2). There
were 1180 genes that were differentially expressed in the 2 h water-
logged and non-waterlogged roots. Among these genes, 551 (46.7%)
were up-regulated and 629 (53.3%) were down-regulated in response
to waterlogging stress. Most of the genes were down-regulated in the
following waterlogging stages, 900 (55.3%), 2116 (67%), and 2153
(66%) genes for 4, 8, and 24 h waterlogged cucumber roots, respec-
tively (Table 3). The expression of most genes was suppressed at
the latter part of the waterlogging period.
Genes with altered expression responses spanned a wide variety
of regulatory and metabolic processes. The differentially expressed
genes in cucumber in R1 and R5 stages were classiﬁed into several
categories based on their allocated GO terms using GOSlim Assign-
ments (http://www.geneontology.org/) (Fig. 2). The genes related
to metabolic, cellular, cellular metabolic, primary metabolic, and mac-
romolecular metabolic processes were abundant in the differentially
expressed genes. Approximately 26% and 13% of the differentially
expressed genes were categorized as gene response to stimulus and
stress, respectively (Fig. 2).
To characterize the functional consequences of gene expression
changes associated with waterlogging stress, a pathway analysis of
the differentially expressed genes based on the KEGG database was
performed. Only signiﬁcant pathway categories that had a P-value
ofb0.05 and an FDR ofb0.05 were selected. An obvious increase in
the expression of genes was associated with glycolysis, which is
often a hallmark of low O2 stress. In addition, genes associated with
the citrate cycle, pantothenate and CoA metabolism, fatty acidFig. 2. Gene classiﬁcation based on gene ontology (GO) for differentially expressed genes in
Assignment. The y-axis and x-axis indicate the names of clusters and the ratio of each clustmetabolism, and glyoxylate were down-regulated (Fig. 3). Genes as-
sociated with the pentose phosphate pathway were up-regulated
within the ﬁrst 4 h of waterlogging stress treatment, and then
down-regulated in the following stages (Table S3).
2.4. Genes associated with major metabolism and ROS
generation/scavenging were affected in waterlogged cucumber root
The gene expression results indicated that waterlogging could af-
fect carbon metabolism, photosynthesis, ROS generation/scavenging,
and ethylene synthesis/signaling in cucumber plant. Previous studies
on waterlogging have also noted changes in photosynthetic rates, and
carbohydrate content in ﬂooded plants [18,19]. In the present study,
several genes implicated in photosynthesis, the expressions of
which were changed signiﬁcantly under waterlogging conditions,
were identiﬁed. The induced down-regulated genes included those
encoding photosystem II subunit S (PsbS), photosystem I psaG/psaK,
and ferredoxin proteins (Table 2).
The changes in carbon metabolism genes that were apparent in
root, sucrose, and starch metabolism were also found to be affected
by waterlogging (Table S3). Starch and sucrose production slowed
down as transcript levels of the starch-branching enzyme and sucrose
synthase decreased. In contrast, many genes associated with glycoly-
sis and fermentation were induced by waterlogging. These included
up-regulated genes encoding phosphofructo kinase, fructose-1, 6-
bisphosphate aldolase, glyceraldehyde-3-phosphate dehydrogenase,
phosophoglycerate kinase, and pyruvate kinase, as well as down-
regulated genes encoding phosphoglucomutase and galactose mutar-
otase (Fig. S3). Consistent with these changes in transcript levels, the
total soluble sugar content in roots was altered during waterlogging
(Fig. 4). As suggested from the decelerated sucrose and starch
synthase and accelerated catabolism, the total soluble sugar content
showed a slight, but not signiﬁcant, decrease after 5 d of waterlog-
ging. Increased carbohydrate levels in the roots of ﬂooded plantscucumber in R1 and R5 stages. The frequency of GO terms was analyzed using GO Slim
er, respectively. Only the biological processes were used for GO analysis.
Sucrose
Starch
Sugars
Pyruvate
+ Glycolysis
+ Gluconeogenesis
Acetyl-CoA
-
Citrate cycle
-
- Alternative respiration
H2OCO2 
- Photosynthesis Chlorophyll
Acetaldehyde Ethanol
+
+
Fatty acid
- 
- 
-
Fig. 3. Overview of major metabolic pathways in response to waterlogging in cucum-
ber, as suggested by the overall expression pattern of waterlogging-responsive genes
involved in primary biochemical pathways. Expression proﬁle of each individual gene
is presented in Supplemental Table S3. Pathways with transcripts that were up- or
down-regulated are indicated with + or −.Overview of major metabolic pathways in
response to waterlogging in cucumber, as suggested by the overall expression pattern
of waterlogging-responsive genes involved in primary biochemical pathways. Expres-
sion proﬁle of each individual gene is presented in Supplemental Table S3. Pathways
with transcripts that were up- or down-regulated are indicated with + or −.
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and have been attributed to reduced carbon demands caused by a de-
cline in root growth and nitrogen metabolism. In contrast, the results
of the present study suggest that an increase in sugar supply to hyp-
oxic roots occurs to compensate for the increased carbohydrate de-
mand under these conditions. Interestingly, similarly reduced
carbohydrate concentrations have been reported in other studies in
which various plant species, including Arabidopsis (A. thaliana), bar-
ley (Hordeum vulgare), wheat (Triticum aestivum), soybean (Glycine
max), potato (Solanum tuberosum), and cotton were exposed to hyp-
oxia [13,22–25], highlighting the importance of sugar delivery to
roots in tolerating periods of O2 deﬁciency.
The genes involved in citrate cycles such as pyruvate dehydroge-
nase, citrate hydrolyase, isocitrate dehydrogenease, succinyl-CoA li-
gase, succinate dehydrogenenase, and malate dehydrogenase wereFig. 4. The effect of waterlogging on total soluble sugar content in the root of C. sativus.
Means and standard errors are shown from three replications. DAT, days after water-
logging treatment.down-regulated in the waterlogged root of cucumber (Fig. S4, Table
S3). However, the genes involved in pentose phosphate and glyoxy-
late pathways were up-regulated after 8 h, and then down-
regulated. This observation indicates that the citrate cycle was sup-
pressed by the low O2 condition, whereas the pentose phosphate
and glyoxylate pathways were activated by waterlogging.
The generation of ROS is characteristic of hypoxia [14]. In the pre-
sent study, several ROS generation/scavenging-relating genes were
changed. Up-regulated genes included those encoding respiratory
burst oxidase homolog (RBOH) and peroxidase (POD), and down-
regulated genes included those encoding catalase (CAT), chloroplast
Cu/Zn superoxide dismutase (SOD), cytosolic ascorbate POD, glutathi-
one S-transferase, and type-2 metallothionein (Table 2).
2.5. Tag-mapped genes were conﬁrmed by qRT-PCR
To conﬁrm the tag-mapped genes in cucumber roots, nine genes
were selected for qRT-PCR analysis over the time-course of the water-
logging treatment from 0 to 24 h. Representative genes selected for
the analysis were those involved in antioxidant system, as well as gly-
colysis, mitochondrial electron transport, and ethylene production/
signaling pathways because ethylene have been associated with low
O2 stress [26]. The expressions of seven genes (CS-ETR [ethylene re-
ceptor], AOX2 [alternative oxidase 2], ERF, hypoxia-responsive pro-
tein, MYB, POD, and AHB2 [Arabidopsis hemoglobin 2]) by using
qRT-PCR agreed well with the Tag-seq analysis pattern. Only two
genes (hexokinase 2 and hypothetical protein) did not show consis-
tent expression between qRT-PCR and Tag-seq data sets (Fig. 5).
3. Discussion
3.1. Global gene transcription changes in the waterlogged cucumber root
A global analysis of transcriptome could facilitate the identiﬁca-
tion of systemic gene expression and regulatory mechanisms for the
waterlogging tolerance of a plant. In the present study, a transcrip-
tome proﬁling of root was performed to identify genes that are differ-
entially expressed in the early stage of waterlogging cucumber. A
sequencing depth of 5.6–6.0 million tags per library was reached
(Table 1), and more than 85% unique tags were matched with the cu-
cumber unigenes or genomic sequence, suggesting that the database
selected is relatively complete. The global gene transcription in the
stressed root signiﬁcantly altered 1%–4% of the genes assayed during
the 24 h waterlogging treatment; the number of differentially
expressed genes increased with the duration of the stress (Table 3).
Many of the genes are known as responsive to stress and stimuli
(Fig. 2). Similar to root waterlogging experiments in poplar and cot-
ton [8,13], increased expression of glycolysis, fermentation, and
some catabolism pathways, and decreased expression of synthesis
pathways, cell wall, and secondary metabolism-associated genes
were observed. The gene transcription responses to waterlogging in
cucumber resemble that of in Arabidopsis subjected to O2 deprivation
[5], indicating that the major factor in waterlogging stress is lack of
O2, at least initially.
3.2. Carbon and energy metabolism were affected by waterlogging
Plants initiate several responses to alleviate the harm of O2 depri-
vation during ﬂooding or waterlogging periods. The hypoxic re-
sponses include the down-regulation of a suite of energy-related
and O2-consuming metabolic pathways [23]. Examples of such meta-
bolic adaptations to hypoxia include the down-regulation of storage
metabolism [23], the shift from invertase to Suc synthase routes of
Suc hydrolysis [27], and the inhibition of mitochondrial respiration
[28]. In the roots of waterlogged cucumber plants, many genes with
potential roles in carbon and energy metabolism were identiﬁed as
Fig. 5. Quantitative RT-PCR validation of tag-mapped genes from cucumber roots. TPM, transcription per million mapped reads.
165X.-H. Qi et al. / Genomics 99 (2012) 160–168having signiﬁcant transcriptional response to stress. The most notable
examples are the up-regulation of genes involved in glycolysis and
fermentation, and the down-regulation of genes involved in sucrose
and starch metabolism, citrate cycle, mitochondrial electron trans-
port, and photosynthesis (Table 2).
Expressions of key genes in sucrose and starch metabolism,
which include sus5, alpha-1, 4-glucan phosphorylase L isozyme,
and glycosyl hydrolase, were found to increase immediately after
the waterlogging treatment and then decline after 8 h, indicating
that the sucrose and starch metabolism was initially activated,
and then suppressed as the stress lasted. In addition, the total sol-
uble sugar content in the waterlogged cucumber was not signiﬁ-
cantly affected by the treatment; however, it decreased on the
ﬁfth day. The results are similar to those observed in mung bean
and pigeon pea, where the total sugar content remained almost
constant on the fourth day, and decreased on the sixth day [29,30].
Under waterlogging conditions, O2 limits oxidative phosphoryla-
tion, and plant cells depend on alternative metabolic pathways to
produce ATP. In the present study, gene expressions involved in
glycolysis and fermentation increased quickly between 2 and 24 h.
This ﬁnding indicates that the major energy source is the glycolytic
pathway, which produces two ATP and two pyruvate molecules per
unit of hexose while concomitantly reducing NAD+to NADH. To
maintain glycolysis under anoxic conditions, NAD+must be contin-
uously regenerated from NADH via fermentative reactions [31].
Most recent studies on carbon utilization for waterlogging tolerance
responses focused on adh in this complicated cycle of pathways. In-
deed, the adh gene was found to exhibit bidirectional functions inregulating waterlogging responses in the present study. It was not
surprising that phenotypic analysis of over-expression of adh in
rice [32], Arabidopsis [33], cotton [34], and other species gave a dif-
ferent conclusion.
3.3. ROS generation/scavenging-related genes were affected
by waterlogging
One of the major sources of ROS in plants is a reaction mediated by
NAPDH oxidase, which is responsible for the conversion of O2 to su-
peroxide anion (O2-), thereby leading to the production of hydrogen
peroxide (H2O2). RBOH, a plant homolog of gp91phox in mammalian
NAPDH oxidase, has an important role in ROS-mediated signaling,
such as the defense response, programmed cell death, and develop-
ment in plants [35–37]. In maize, one waterlogging-induced up-
regulated RBOH gene is involved in H2O2 production and H2O2-in-
duced cell death in root cortical cells [12]. In the present study, the
cucumber RBOH gene was signiﬁcantly up-regulated during the
waterlogging treatment, indicating that ROS accumulation was quick-
ly increased (Table 2). The CsRBOH gene shows high homology to AtR-
BOHC [38], Nicotiana benthamiana RBOH [39] and maize RBOH [12].
Genes encoding some enzymes involved in ROS scavenging system
were signiﬁcantly changed by the waterlogging stress. The gene
encoding POD was up-regulated whereas those encoding Cu/Zn
SOD, CAT, and glutathione S-transferase were down-regulated
under stress. Based on the results, it is possible that the acclimation
to waterlogging may not be dependent on SOD, CAT, and glutathione
S-transferase, but on POD.
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Ethylene is involved in responses to hypoxia and is considered to
be a contributor to adventitious root production and aerenchyma for-
mation [26]. Under waterlogging conditions, CS-ETR2 (CU4787) and
ACC oxidase 2 (CU7162) genes were up-regulated in cucumber
roots (Fig. 5). It indicates that ethylene could play an important role
in the waterlogging response of cucumber. Licausi et al. [40] recently
identiﬁed two Arabidopsis hypoxia-inducible ERF genes, HRE1 and
HRE2, which belong to group VII of the ERF family in Arabidopsis
[41], and proposed that HRE1 and HRE2 play partially redundant
roles in plant tolerance to anaerobic stress by enhancing anaerobic
gene expression and ethanol fermentation. Group VII of the ERF fam-
ily also includes Arabidopsis RAP2.2 [42] and rice SUB1A [43], both of
which play important and distinct roles in survival under hypoxia or
submergence. However, the cucumber ERF gene (CU18697), which
is somewhat homologous to SUB1A, was down-regulated in water-
logged conditions (Table 2, Fig. 5C). Phylogenetic analysis of the cu-
cumber ERF gene family showed that CU18697 does not belong to
group VII (data not shown). The cucumber ERF gene with high homol-
ogy to SUB1A needs to be cloned, and further functional analysis is
necessary.
Ethylene entrapment by water represents the ﬁrst warning signal
to the plant indicating waterlogging, and auxin transport was stimu-
lated by ethylene [44]. The auxin accumulates in the base of the
ﬂooded tomato and wetland Rumex species, which induces the initi-
ation of adventitious roots [44]. This plant response results in a new
root system that is capable of replacing the original one when it has
been damaged by submergence. Two auxin response factors were
up-regulated in the root of waterlogged cucumber, as shown in the
present results (Table S3). These results suggest that auxin is involved
in cucumber waterlogging responses, and may act as an important
signal mediating response to waterlogging. Cytokinin and gibberellin
levels decreased in the xylem sap of plants subjected to waterlogging,
and these factors have been posited to have a role in signaling root
waterlogging to the aerial part of the plant [45,46]. The gibberellin
level of whole wheat plants decreased sharply at 20 d post-
waterlogging [47]. However, the involvement of these hormones
was not well supported by the DGE analyses of gene expression in cu-
cumber root. Two glycosyltransferase genes, which are involved in
cytokinin inactivation [48], were identiﬁed in the root as having de-
creased expression (Table S3), and similar change in glycosyltransfer-
ase genes were also found in cotton under waterlogging conditions
[13]. These results are more in keeping with the recent work that
has suggested that these two plant hormones do not play major
roles in the hypoxic response [13].
In conclusion, the results indicate that genes related to many kinds
of molecular functions were changed in cucumber root under water-
logged conditions. Complex interactions between carbonmetabolism,
ROS generation or scavenging, and hormone signals of waterlogged
cucumber root were observed. Ethylene and auxin were implicated
as major hormones involved in the waterlogging response of cucum-
ber. In light of the importance of ethylene responses in the submer-
gence phenotypes of rice and hypoxia Arabidopsis, ethylene
responsive factors (ERF) in cucumber root are good candidate genes
for the functional analysis of waterlogging tolerance.
4. Materials and methods
4.1. Plant materials and waterlogging treatment
C. sativus L. var. Zaoer N with high waterlogging tolerance was se-
lected in the current research. Cucumber plants were grown in 25 cm
in diameter pots containing peat, vermiculite, and perlite (3:1:1, v/v)
in a greenhouse at 28/18 °C (12/12 h) day/night temperature, and rel-
ative humidity ranging 70%–85% at the experimental farm of theDepartment of Horticulture in Yangzhou University. Cucumber plants
at the three true leaves stage were maintained under waterlogging,
which was imposed by placing the pots inside cement tanks contain-
ing a water level 2 cm above the soil surface. The control plants were
watered regularly as required to maintain vigorous growth.
4.2. Total sugar content measurement
For the total sugar analysis, cucumber roots were harvested 0, 1, 3,
5, and 7 d after waterlogging treatment, and dried at 70 °C for 4 d.
Then, the samples were ground into powder with a pestle andmortar.
Five milliliters (mL) of 80% (v/v) ethanol was added into glass tubes
with 50 g of materials each, incubated at 95 °C for 10 min, and then
centrifuged at 2500 rpm for 5 min. The extraction was repeated
twice, and the supernatants were combined for the subsequent
sugar determination using phenol-sulfuric acid method. A total of
0.5 mL of a mixture solution containing glucose, fructose, or galactose
was prepared. To this, 1 mL of a phenol solution was added to achieve
ﬁnal concentrations of 1%, 1.5%, 2%, 3%, and 4% phenol for optimiza-
tion. The total sugar content measurement was performed according
to the method by Chow and Landhäusser [49].
4.3. DGE-tag proﬁling
Cucumber plants at the three true leaves stage were subjected to
waterlogging treatment as described above. Root samples were col-
lected by removing plants from the soil, washing the roots, excising
the roots from each plant used, and then ﬂash-freezing them in liquid
nitrogen. Two biological replicates for each of the waterlogged and
control plants were used. The total RNA was isolated from plant
roots 0, 2, 4, 8, and 24 h after waterlogging treatments, and was
named libraries R1, R2, R3, R4, and R5, respectively. RNA extraction
was performed according to the manufacturer's instructions of TRIzol
reagent (Invitrogen, USA), followed by RNase-free DNase treatment
(TaKaRa, Dalian, China). The total RNA was checked for quality and
quantity using a Biophotometer Plus (Eppendorf, German), and a
minimum of 6 μg of total RNA was used for Illumina sequencing.
The DGE libraries of the ﬁve root samples of ‘Zaoer N’ were deter-
mined in parallel using Illumina gene expression sample preparation
kits. Brieﬂy, the total RNA from the ﬁve samples was used for mRNA
capture with magnetic oligo (dT) beads. The ﬁrst and second strand
cDNA were synthesized, and bead-bound cDNA was subsequently
digested with NlaIII. The 3′-cDNA fragments attached to the oligo
(dT) beads were ligated to the Illumina GEX NlaIII adapter 1, which
contained a recognition site for the endonuclease MmeI for cutting
17 bp downstream of the recognition site (CATG) to produce tags
with adapter 1. After removing the 3′ fragment via magnetic beads
precipitation, an Illumina GEX adapter 2 was introduced at the site
of MmeI cleavage. The resulting adapter-ligated cDNA tags were am-
pliﬁed using PCR-primers that were annealed to the adaptor ends
for 15 cycles. The 85 base fragments were puriﬁed and recovered by
6% polyacrylamide Trisborate-EDTA gel. The ﬁnal quality of the
tagged sequences was checked by an Agilent 2100 Bioanalyzer. The
ﬁve tag libraries constructed underwent Illumina proprietary se-
quencing chip for cluster generation through in situ ampliﬁcation
and were deep-sequenced using Illumina Genome Analyzer.
For the raw data, we ﬁltered adaptor sequences, low quality tags
(tags with unknown nucleotides N), empty reads and tags that were
too short or too long, and tags with only one copy to get clean tags.
The types of clean tags were represented as the distinct clean tags.
Subsequently, we classiﬁed the clean tags and distinct clean tags
according their copy number in the library, and show their percent-
age in the total clean and distinct tags, and analyzed saturation of
the ﬁve libraries. For annotation, all tags were mapped to the refer-
ence sequence, which included unigenes of cucumber from the Cu-
curbit Genomics Database (http://www.icugi.org/) and the NCBI
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and only no more than 1-bp nucleotide mismatch was allowed. The
alignments procedures were conducted essentially by following the
protocols described in the online documentation (http://maq.
sourceforge.net) and adopting the default parameter values. To mon-
itor mapping events on both strands, both sense and complementary
antisense sequences were included in the mapping process. The tags
mapped to reference sequences from multiple genes were ﬁltered.
The tags that could not be aligned to the reference genes were aligned
to the cucumber genome sequence provided by Huang et al. [50].
4.4. Identiﬁcation of differentially expressed genes
To compare the differential expression of genes across the water-
logging materials at different time points, the number of raw clean
tags in each library was normalized to the number of transcripts per
million clean tags (TPM) to obtain normalized gene expression
level. The differential expression detection of genes across samples
was performed with a rigorous algorithm method. Genes were
deemed signiﬁcantly differentially expressed with a P-valueb0.005,
FDRb0.01 and a relative change threshold of 2-fold in the sequence
counts across libraries. For pathway enrichment analysis, we mapped
all differentially expressed genes to terms in KEGG database.
4.5. qRT-PCR analysis
QRT-PCR analysis was used to verify the DGE results. The RNA
samples used for the qRT-PCR assays were the same as for the DGE
experiments. Gene-speciﬁc primers were designed according to the
reference unigene sequences using the Primer Premier 5.0 (Table
S4). qRT-PCR was performed according to the TaKaRa manufacturer
speciﬁcations (TaKaRa SYBR® PrimeScript™ RT-PCR Kit, Dalian,
China). SYBR Green PCR cycling was denatured using a program of
95 °C for 10 s, and 40 cycles of 95 °C for 5 s and 58 °C for 30 s and per-
formed on an iQ™ 5 Multicolor real-time PCR detection system (Bio-
RAD, USA). Cucumber actin gene (forward:5′-TGGACTCTGGT-
GATGGTGTTA-3′, and reverse:5′-CAATGAGGGATGGTGGAAAA-3′)
was used as a normalizer, and the relative expression levels of
genes were presented by 2-ΔΔCT.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ygeno.2011.12.008.
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